Dungeness crabs, as do many crab species, form metapopulations composed of subpopulations connected by dispersing larvae (Botsford et al. 1998) . Although adult Dungeness crabs have relatively small movements of up to tens of kilometers (Gotshall 1978; Stone and O'Clair 2001) , the species has broad latitudinal and habitat distributions. The long planktonic period of Dungeness crabs of more than 3 months along the west coast of North America contributes to long distance dispersion (Jamieson and Armstrong 1991) , aided by ocean currents and winds (McConnaughey et al. 1994) . As part of a long-term zooplankton sampling study in southeastern Alaska (Park et al. 2004 ), we discovered strikingly anomalous larval stages. Late-stage Dungeness crab larvae (zoeae IV, zoeae V, and megalopal stages) were present in plankton samples, even though local Dungeness crab populations were only beginning to release their larvae. In this paper, we review buoy drift tracks and hydrographic data and the abundance pattern of larval stage to explore the potential that the larvae may have been advected long distances from southern populations and consider alternate explanations.
The North Pacific Current (NPC), also known as the Subarctic Current or West Wind Drift, bifurcates at approximately 45uN into the southward-flowing California Current (CC) and the northward flowing Alaska Current (AC) (Dodimead et al. 1963) . The AC forms the eastern branch of the broad scale wind-driven cyclonic circulation in the Gulf of Alaska (GOA) (Tabata 1982) . The coastal waters off southeastern Alaska are always dominated by the northward-flowing AC, which was suggested by Wickett (1967) to transport zooplanktors to the northwestern coast of America.
Despite the CC southward flow throughout the year, off the coasts of California, Oregon, and Washington, the wintertime northward-flowing Davidson Current and Southern California Countercurrent as well as strong alongshore winds aid Dungeness crab larvae in northward and onshore transport (Lough 1976; McConnaughey et al. 1994 ). Landward and northward flow characterized by the 1 Corresponding author (w.park@uaf.edu).
near-surface circulation contributes to Dungeness crab larvae being retained on the coast and to the coastal landing strip off the coast of Washington (McConnaughey et al. 1994) . This current reversal results in upwelling and subsequent offshore larval transport, so that the larvae may not return to their natal origins (Jamieson and Armstrong 1991) .
Ideally, the northward-flowing Davidson Current and the Southern California Countercurrent during January and February could transport larvae hatched in northern California as far north as Washington or even British Columbia before the currents reverse and transport the larvae back to northern California. Arguably, some portion of the larvae could be retained in northern locations. Because of these dynamic hydrographic processes, larvae hatched at different locations appear to be mixed, resulting in gene flow throughout the coastal areas below 45uN (L. Parr, unpubl. data, San Jose University). At the mouth of Juan de Fuca Strait and along the continental shelf of Vancouver Island and northern Washington, northward currents prevail until the spring reversal (Thomson et al. 1989) , hence providing opportunity for Dungeness crab larvae that hatched off the coasts of northern Washington and British Columbia and potentially some larvae hatched as far south as northern California to enter the AC.
Marine invertebrate populations are sustained by selfrecruitment or by recruitment of larvae from other populations. In particular, allochthonous larvae can affect the gene flow and sustainability of populations even if the long-distance dispersal is insufficient to sustain or rebound a population (Strathmann et al. 2002) . Understanding the connectivity afforded by hydrography and the dispersal of larvae between metapopulations of commercial species is pivotal to fisheries management (Botsford et al. 2004 ). Based on the dispersal capabilities of larvae, proper locations and numbers of marine reserves can be proposed to help sustain or rebound marine populations (Shanks et al. 2003; Botsford et al. 2004) , thereby assisting fishery management.
Dungeness crabs have a complex life history with a reproductive strategy aligned with their broad latitudinal distribution. Off the Washington coast, eclosion (hatching or zoeal release) occurs during January through mid-March (Cleaver 1949) . Off the British Columbia coast, peak hatching occurs in January and February (MacKay 1942) ; in southeastern Alaska, hatching occurs mostly in May and June (Shirley et al. 1987) .
The timing of larval hatching of Dungeness crabs may be related to the timing of the primary spring phytoplankton bloom along the west coast of North America, although a disparity occurs between these two events. The high-latitude spring bloom has a narrow temporal window but produces approximately 50% of annual primary production (Chester and Larrance 1981; Ziemann et al. 1991) . Approximately 70% of the carbon produced in the spring bloom is consumed by primary consumers, although the amounts vary greatly interannually (Ziemann et al. 1993) . A prolonged phytoplankton bloom can provide sufficient time for the majority of primary consumers to feed and reproduce (Ziemann et al. 1991 ).
Planktonic larval stages are critical to the life histories of many benthic marine invertebrates (Thorson 1950) . Natural mortality of Dungeness crab larvae may be high because of combinations of predation, excessive temperature fluctuations, a scarcity of food, or low food quality (Lough 1976) . Prolonged starvation results in lower larval survival and longer stage duration (Sulkin et al. 1998) .
Dungeness crab larvae have stage-specific depth positioning and diel vertical migration. All larval stages of Dungeness crab have a strong crepuscular vertical migration; larvae ascend to the surface at dawn and dusk and descend to deeper depths at midnight and during daytime (Jamieson et al. 1989; Hobbs and Botsford 1992; Park and Shirley 2005) . In general, zoeae I are positioned near the surface, while later zoeal stages reside deeper in the water column (Lough 1976) .
This paper explores the plausibility that Dungeness crab larvae hatched from southern regions (northern Washington and British Columbia) are being transported to southeastern Alaska, a direct distance of up to 1,500 km. We investigate temporal changes of chlorophyll a (Chl a) concentrations and northward sea surface temperature (SST) progression to support our hypothesis and provide supporting evidence from drift buoy tracks. Further, we explore the consequences of this larval transport, such as a unidirectional gene flow from southern to northern populations to northern populations of Dungeness crabs in southeastern Alaska.
Materials and methods
To investigate the potential of larval transport over such a long distance, we examined the progression of Chl a concentrations that would serve as food for larvae during their northward transport period. We also examined SST progression to the north, as temperature would affect larval development during their transportation, and we examined buoy tracks from off the coasts of northern Washington and British Columbia to the larval collection locations. We also examined the pattern of occurrence of larval stages in the Alaskan study locations.
Study sites
The Icy Strait (IS) transect is within a fjord system, surrounded by snowfields, glaciers, and densely forested mountains in the Alexander Archipelago of southeastern Alaska (Fig. 1) . The area is approximately 50 km west of Juneau and includes the Glacier Bay ecosystem and supports a productive Dungeness crab fishery. Four stations were sampled at the 12-km-long IS transect. The southernmost station on the IS transect is 70 m deep, while the others were 200-250 m in depth. The typical mean tidal range in IS was approximately 4 m with a maximum range to 7 m.
Two offshore transects were also sampled: Icy Point (IP) and Cape Edward (CE), approximately parallel with IS in latitude (Fig. 1) . The IP and CE transects each contained four sampling stations along transects of 65-and 47-km lengths, respectively. The landward three stations of IP are 130-160 m in depth. The farthest station from the coastline is approximately 1,300 m in depth. The CE transect becomes drastically deeper from the coastline to offshore: 90-1,800 m. We combined the stations of the two offshore transects into a single entity, the Offshore Transect (OT), because of the limited samples in CE in June 1998 and 1999 and two missing years of data in 1998 and 1999 in IP and because both transects were directly influenced by the northward-flowing AC throughout the year.
Environmental data
Several data sources were utilized to assess if environmental conditions in the eastern GOA during late winter and spring were conducive to long-distance transport and survival of Dungeness crab larvae. Larval growth and survival require suitable water temperature and food supply, while physical transport requires sufficient velocity and directionality.
Spring SST dynamics in the eastern GOA were investigated using Advanced Very High Resolution Radiometer (AVHRR) multichannel estimates disseminated in the 4-km pixel-resolution AVHRR Pathfinder Oceans SST Version 5.0 data sets (http://podaac.jpl.nasa.gov/). Monthly averaged daytime (ascending) Pathfinder SST data were acquired for February-May 1985 -2003 and then averaged within months over the 19-year record. SST estimates with implausible magnitude, probable cloud contamination, or unacceptable satellite zenith angle (i.e., Pathfinder data quality indices ,4) were removed prior to calculating the long-term means. Average geographic location of the 7uC SST isotherm was derived for each month by contouring the respective gridded long-term averages. The 7uC SST isotherm was chosen because its spatiotemporal progression roughly coincides with the peak period of local larval hatching of Dungeness crabs.
Primary production during spring in the eastern GOA was evaluated using Chl a concentration estimates derived from Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) satellite imagery. Level-3 standard-mapped files of Chl a monthly climatology were obtained for March, April, and May 1998 -2005 and June 1998 from the Ocean Color Web, SeaWiFS Reprocessing #5.1 (http://oceancolor.gsfc. nasa.gov).
Trajectories of Argos-tracked Lagrangian drifters were examined to empirically evaluate the transport capabilities of AC. Drifters passing through coastal waters in the eastern GOA during January-May were extracted from a standardized global drifter velocity data set (Pazan and Niiler 2004) obtained from Scripps Institution of Oceanography, La Jolla, California. Most drifters carried ''holey sock'' drogues that extended 18 m below the ocean surface. As part of the Scripps's standardized data processing, corrections for wind slip and leeway drift had been applied to compensate for movements of drifters without drogues or those that had lost their drogues. We constructed daily and weekly drift vectors from the original 6-h vectors. Characteristics of some drift tracks were qualitatively compared with mesoscale geostrophic velocity vectors derived from sea surface height anomaly data by the Near-Real-Time Altimetry Data Group at the Colorado Center for Astrodynamics Research (Boulder, CO; http://argo.colorado.edu/,realtime/global_realtime/geovel. html).
Prevailing surface wind directions and velocities along the path of AC were summarized using monthly averaged 1,000-mb u-v wind velocities from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data set (http:// www.cdc.noaa.gov/). Data were extracted for each of 5 months (January-May) over a 57-year period at four 2.5-degree resolution grid cells that parallel the eastern GOA coastline (50uN, 130uW; 52.5uN, 132.5uW; 55uN, 135uW; 57.5uN, 137.5uW). Surface wind vectors (speed and direction) were derived for each of the monthly averaged u-v wind velocity pairs (n 5 1,140).
Zooplankton and oceanographic sampling
The SouthEast Coastal Monitoring (SECM) survey has been conducted by the Auke Bay Laboratory, National Marine Fisheries Service, since 1997. The SECM survey investigates causal linkages between salmon production and climate changes and attempts to assess marine growth, survival, distribution, migration, and ocean carrying capacity for Pacific salmon in southeastern Alaska. The Dungeness crab larval samples analyzed in this study were collected in conjunction with SECM.
Zooplankton and oceanographic data were collected in the IS, IP, and CE transects (Fig. 1) during the latter 10 days of each month, May-September 1997 . We report here only those samples collected in May and June.
All sampling occurred during daylight, between 07:00 and 20:00 h. At each station, a 60-cm-diameter bongo net (505-and 333-mm mesh) was deployed a single time in a double oblique tow. We report here on samples collected with the 333-mm mesh net. The bongo was deployed and retrieved at a 45u wire angle with a descent rate of 1.0 m s 21 , a 30-s pause at maximum depth (to 200 m or within 10 m of the bottom at shallow stations), and an ascent rate of 0.5 m s 21 . General Oceanics model 2031 or Rigosha flow meters were placed inside the bongo nets for calculation of filtered water volumes. Plankton samples were preserved in 5% buffered formalin aboard the ship and transported to the laboratory where Dungeness crab larvae were sorted and identified to larval stage.
Mean density of each larval stage across the transects was calculated as individuals per 100 m 3 . Data from the IC and CE transects were pooled and hereafter are referred to as OT. Mean transect densities were computed across years and months by averaging among the respective sample stations. Mean and proportional transect densities by larval stage were also computed.
Results
Hydrographic conditions-On average, the 7uC SST isotherm was established between Queen Charlotte Island and Vancouver Island in February and March and progressed to the northern part of Queen Charlotte Island in April (Fig. 1) . Spring progression of the 7uC SST isotherms generally coincided with the timing of local peak hatching of Dungeness crab larvae. Surface Chl a concentrations followed a similar spatiotemporal evolution (Fig. 2) . In March, surface Chl a was concentrated primarily in localized areas near the coast of northern Washington and Vancouver Island. In April, Chl a concentrations expanded throughout most coastal zones, with [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] and June (1998) (1999) (2000) (2001) (2002) (2003) (2004) in the eastern Gulf of Alaska.
prominent phytoplankton blooms along British Columbia and the northern GOA near Prince William Sound. During May, the concentrations continued to propagate northward and offshore, with notable blooms commencing in the coastal fjord systems of southeastern Alaska. In June, surface Chl a concentration remained elevated throughout most coastal zones along the British Columbia and southeastern Alaska. Tracking histories of all Lagrangian drifters that had ever passed through northeastern GOA (n 5 49) were initially examined to empirically evaluate transport velocities of the AC during late winter and spring. Only a small subset of drift tracks (n 5 7) met requirements of originating in late winter near the southernmost extent of the AC. Many drifters were entrained far offshore in the cyclonic GOA gyre, while others were rejected because they tracked the AC during a different season. Among the drifters that originated in Washington and British Columbia during late winter and successfully reached southeastern Alaska by spring, three passed through coastal waters of the eastern GOA (Fig. 3A) , and two moved primarily along nearshore waters (Fig. 3B) . Two cases of drifters that failed to reach the vicinity of larval sampling near OT by spring are shown in Fig. 3C . Northward progression for one of these impeded drifters was clearly prolonged by entrainment in two persistent eddies (Fig. 3D ) that are common to the coastal and shelf waters of southeastern Alaska and British Columbia (Okkonen et al. 2001) . Monthly mean surface winds along the eastern GOA coastline during JanuaryMay are predominantly northward (Fig. 3D) , indicating that the prevailing spring wind direction is commensurate with the AC.
Larval sampling-A larger proportion of late-stage Dungeness crab larvae, such as zoea IV (ZIV), zoea V (ZV), and megalopa (M), were collected in OT during May with a small proportion of late-stage larvae in IS (Fig. 4) . In IS, early larval stages, such as zoea I (ZI) and zoea II (ZII), occurred in May during most of the study period. In May and June 2001, most OT larvae were uniquely late stage, notably different from all other years.
Monthly and interannual larval density and stages varied considerably at both OT and IS (Fig. 5) ; however, as stated previously, a greater proportion of late-stage larvae were captured in OT. Overall, larval densities were an order of magnitude less in OT compared to IS (10-fold), and greater larval densities were observed in both transects during the more recent years of the study (Fig. 5) .
Discussion
The ontogeny of Dungeness crab larvae is influenced by water temperature (Shirley et al. 1987; Sulkin and McKeen 1989) . Local variability in the timing of life history events such as embryonic development rates and larval hatching is attributed to differences in water temperatures. Different larval stages occurring simultaneously in the same area may be a result of embryos being exposed to different temperature regimes during incubation (i.e., brooding females occupying colder fjords vs. warmer waterways). Studies of Dungeness crab populations in southeastern Alaska over several decades argue against the possibility that the anomalously late-stage larvae reported here resulted from early hatching of local populations because females that had hatched eggs during mid-to late winter have never been observed (Shirley et al. 1987; Shirley and Shirley 1988; Taggart et al. 2004 ). Also, Dungeness crab larvae have never been reported to overwinter, and the cold water temperatures and limited food availability during winter months in southeastern Alaska further argue against the possibility that the advanced-stage larvae were born locally in the previous year.
A much higher proportion of late-stage larvae were found in OT, whereas mostly early stages with a small fraction of late stages were found in IS (Fig. 4) . We postulate that the late-stage larvae in OT did not hatch locally and that the late-stage larvae in IS were brought from the outer coast by flood tides. For example, the OT larvae in May 2001 were much older than those collected in June (Fig. 5A) . Considering that larval duration exceeds 5 months in southeastern Alaska (Shirley et al. 1987) , ZV that were found in OT in May 2001 should have hatched approximately 4 months earlier. Although the timing of ZI appearance varied interannually, perhaps affected by local variations in water temperature, ZV that were found in May should have hatched in January. However, in southeastern Alaska, the mean water temperature in March is approximately 3uC and phytoplankton blooms do not occur until April. Thus, the probability that the late-stage larvae present in May originated in southeastern Alaska is low. The early larval stages collected in June are assumed to have hatched locally because the June larval stages in OT were more similar to those larvae found in IS. However, the stages collected in OT were often mixed with both late and early stages. In addition, the two stations most distant from the coast in OT had late larval stages at relatively low concentrations, while the two stations closer to the coast in OT had a mixed composition of early and late larval stages. Buoy drift records empirically document that larvae hatched along the Washington or British Columbia coasts could passively drift to southeastern Alaska during the spring season (Fig. 3) . Prevailing wind patterns would also facilitate northward transport during late winter and spring, particularly since most larval stages of Dungeness crab are found in the upper portion of the water column (for review, see Park and Shirley 2005) . It is also likely that flow of the AC in the upper 18 m emulates the general flow of a much thicker (40-100 m) upper surface layer (Murray et al. 1999) . In addition to the necessary mechanisms for physical transport, the spatiotemporal progression of water temperature ( Fig. 1 ) and primary production (Fig. 2) in the eastern GOA are consistent with conditions necessary to sustain metabolic activity and zoeal development during their advection. Thus, at the time when local Dungeness crab larvae had only recently hatched, we conclude that the unusually late-stage larvae in the OT originated from more southern populations.
Disparity in the chronology of larval stage development arises between the crab larvae found at OT and the larvae occurring concurrently in Washington and British Columbia. Peak settling of Dungeness crab megalopae in Washington and British Columbia occurs in May and June (Jamieson and Armstrong 1991) . The late-stage larvae collected at OT, which we assume to have been transported from the northern Washington and British Columbia coasts, were in earlier stages of development, namely, ZIV, ZV, and M. But because of the northward progression of 7uC SST (Fig. 1) , larvae that were transported northward were maintained in consistently cooler water, while members of the same cohort that remained near the Washington and British Columbia coasts would have experienced increasingly warmer water temperatures. When members of a single cohort are incubated under different ambient water temperature regimes, larvae grown in warmer water have accelerated development compared to those maintained in cooler conditions (Sulkin and McKeen 1989) . Hence, the larvae advected northward would be expected to develop more slowly than their resident cohorts along the Washington and British Columbia coasts.
The densities of late-stage larvae in the OT varied interannually. To account for this variability, biotic and abiotic conditions must be considered. The buoy drifters that were passively transported from the Washington and British Columbia coasts had different pathways. Some drifters traveled more directly to southeastern Alaska, while others were periodically trapped in eddies (Fig. 3) , and many were permanently advected offshore into the GOA (not shown). Hence, the variety of spatial pathways of larval Dungeness crab transport from Washington and British Columbia coasts to southeastern Alaska could result in the temporal variability of larval densities and stages found at OT. Furthermore, the coasts of Washington and British Columbia support abundant Dungeness crab populations across a broad latitudinal gradient that have a wide range of hatch timing. Hence, if advected to southeastern Alaska, larvae from southern populations would be expected to arrive in different stages and abundances because of variable transport pathways and hatch dates.
Our assessment of Dungeness crab larval hatch chronologies along the west coast of North America, the trajectories of ocean buoys, and the coincident progression of isotherms and phytoplankton blooms in the eastern Pacific all collectively suggest that advection and survival of Dungeness crab larvae from Washington and British Columbia to southeastern Alaska is feasible. The transport hypothesis readily explains the presence of anomalously late-stage larvae in the coastal waters of southeast Alaskan during May and June, while alternative explanations, such as early hatching or overwintering of local populations, lack supporting evidence and biological rationale.
The coastal Northeast Pacific is divided into three major production domains that are strongly influenced by the NPC: the Coastal Downwelling Domain (CDD) in the north, Coastal Upwelling Domain (CUD) in the south, and the Transition Zone near British Columbia (Ware and McFarlane 1989) . The likelihood that Dungeness crab larvae hatched from the coasts of northern Washington and British Columbia are being transported to southeastern Alaska invites consideration that unidirectional gene flow may be occurring from southern populations of Dungeness crabs to those in southeastern Alaska. The British Columbia coast is a transitional area where the genomes of CUD and CDD populations are mixed (L. Parr, unpubl. data, San Jose University). Subsequent advection of larvae from British Columbia to southeastern Alaska would again disperse the genotypes of CUD populations and further promote a northward gene flow among Dungeness crab populations along the west coast of North America.
Our study benchmarks a potential distance and direction of larval dispersal of Dungeness crabs in the eastern North Pacific. While most marine invertebrate dispersal capabilities are unknown or may vary with local hydrography, our study highlights the role of hydrographic connectivity over broad geographic scale. Since larval export is a primary goal of many marine reserves, understanding dominant trajectories of larval dispersal is a key element in establishing a reserve. Hence, our findings can assist in evaluating the appropriate location, number, and size of reserves (Shanks et al. 2003; Botsford et al. 2004) in the eastern North Pacific.
Alaska serves as the terminus for northward larval advection and hence the endpoint of a unidirectional gradient of gene flow between southern and northern crab populations. Among adult Dungeness crabs of southeastern Alaska, 22% of their genetic variation is attributed to allochthonous genotypes (L. Parr, unpubl. data, San Jose University). Probably any nearshore marine species in the eastern North Pacific Ocean with a wide latitudinal range, long-lived and dispersive larvae, and adults with limited movements may be exposed to this unidirectional conveyor belt of larval transport and genetic dispersion. We emphasize that the unique, unidirectional current flow in the eastern Pacific invites the assessment of genetic structure of populations in southeastern Alaska in comparison with their conspecifics in British Columbia and the west coast of the United States and in the design of marine reserve and international resource management between Canada and United States.
